There has been a substantial increase in the utilization of imaging, particularly of multi-detector computed tomography (MDCT), for the evaluation of patients with suspected urolithiasis over the past 2 decades. While the diagnostic accuracy of computed tomography (CT) for urolithiasis is excellent, it has also resulted in substantial medical expenditures and increased ionizing radiation exposure. This is especially concerning in patients with known nephrolithiasis and in younger patients. This pictorial review will focus on recent trends and controversies in imaging of patients with suspected urolithiasis, including the current roles of ultrasound (US), MDCT, and magnetic resonance imaging, the estimated radiation dose from MDCT and dose reduction strategies, as well as imaging of suspected renal colic in pregnant patients. The current epidemiological, clinical, and practice management literature will be appraised.
Suspected renal colic accounts for nearly 2% of all adult visits to the emergency department (ED) in the United States [1] . The number of ED visits for urolithiasis in the USA has increased from 178 to 340 per 100,000 patients from 1992e 2009 [2] . The greatest increase has occurred amongst in women and in individuals ages 24e44 [2] . Some proposed explanations for these trends this include increased obesity rates, increased incidence of diabetes, decreasing water intake, and increased use of calcium supplements [2] . Those at increased risk for urolithiasis include individuals with intestinal malabsorption, as well as those with metabolic disturbances such as gout, renal tubular acidosis, and hypercalciuria.
Imaging plays a key role in diagnosing urolithiasis and guiding management, as well as diagnosing or excluding alternative causes of symptoms. Ultrasound (US), multidetector computed tomography (MDCT), and magnetic resonance imaging/urography (MRI/MRU) are the imaging modalities of choice for assessing patients with suspected urolithiasis. On the other hand, radiography is primarily reserved for selectively following patients with known urolithiasis.
This pictorial essay reviews the current relevant literature pertaining to the epidemiology, clinical factors, and management options in patients with known or suspected urolithiasis. We discuss the role of cross-sectional imaging for the evaluation of patients with suspected renal colic, evaluate the estimated radiation dose from MDCT for suspected renal colic, suggest radiation dose reduction strategies, and review the recent trends and controversies in imaging patients with suspected renal colic.
Imaging Overview
Imaging has been increasingly utilized for the evaluation of patients with suspected renal colic. The proportion of ED visits for suspected urolithiasis where patients underwent imaging in the USA has increased from 56% of visits in 1995e1997 to 79% of visits in 2007e2009 [2] . More specifically, the utilization of non-enhanced (computed tomography) CT for these patients has increased from 21% of visits in 1998e2000, to 71% of visits in 2007e2009 [2] . The use of CT in younger patients (those ages 25e44) has increased from 19% of visits in 1998e2000 to 73% of visits in 2007e 2009 [2] . This increase in the utilization of imaging, particularly MDCT, has resulted in relatively substantial medical expenditures and increased radiation exposure. This is especially of concern for patients with known nephrolithiasis needing repeated exams and in younger patients and in those with known nephrolithiasis needing repeated exams.
A study by Hyams et al assessed imaging trends for patients presenting to the ED with suspected urolithiasis and found that from 2000e2008 there was a statistically significant increase in the utilization of MDCT from 19e45% of patients [3] . At the same time, the utilization of US remained stable at 5e7% of patients [3] . Of note, during that period, the proportion of patients with suspected urolithiasis who had this diagnosis confirmed on imaging remained stable at approximately 20% (Table 1 ) [3] .
While CT has the largest current role in imaging patients with suspected urolithiasis, some radiologists and clinicians advocate using US as a first-line modality instead, in both adults and pediatric patients [4, 5] . MRI is reserved as a second-or even a third-line modality for problem solving [6, 7] .
Role of Ultrasound
The current European Association of Urology guidelines state that in patients with suspected urolithiasis, US should be the primary diagnostic imaging examination [4] . This should especially be the case in younger patients and in female patients, particularly those who are pregnant, and those presenting with classic signs and symptoms. The European Association of Urology guidelines also state that noncontrast CT should be reserved for patients with nonresolving symptoms or suspicion of an alternate diagnosis [4] .
A study by Smith-Bindman et al showed that patients who had been assessed by US at initial presentation had no statistically significant differences in high-risk diagnoses, complications, serious adverse events, self-reported pain scores, return ED visits, or hospitalizations in comparison with MDCT [5] . Moreover, a normal renal US has been shown to predict a low-likelihood for urologic intervention within 90 days for adult ED patients with suspected urolithiasis [8] .
However, US can be challenging in obese patients and generally offers limited or poor visualization of the mid ureter. In addition, US has a limited ability to depict renal or ureteral calculi which are smaller than 5 mm. However, detection of calculi smaller than 5 mm is of questionable clinical significance, as such patients are unlikely to require urological intervention [5] . 68% of such calculi are believed to pass spontaneously [6] . However, detecting sub-5 mm calculi has potential implications for future patient management and prevention of recurrence.
The utilization of gray-scale US along with color Doppler to look for the ''twinkling artifact'' has been demonstrated to be helpful in detecting renal and ureteral calculi [9] . On the other hand, assessing for the presence or absence of ureteral jets has been shown to be less reliable, as many such calculi may only cause partial obstruction ( Figure 1) [7] .
In addition to assessing for hydronephrosis and hydroureter, as well as renal and ureteral calculi, US allows for the detection of additional findings and alternate diagnoses. These include, but are not limited to, renal neoplasms and abscesses, as well as pathology affecting other organ systems with presenting symptoms mimicking urolithiasis. Also, patients who receive US as the initial imaging examination for suspected urolithiasis are more likely to require additional imaging in the acute setting [5] . In one study, 40% of patients who underwent point-of-care US and 27% of patients who underwent standard renal US underwent additional evaluation with CT [5] . Only 5% of patients who were initially imaged with CT had additional imaging with US [5] . However, despite the additional imaging, the mean total cost for the ED visit were still slightly lower for patients who had US first [5] .
US is the first-line imaging examination of choice for pregnant patients [7] . It is a safe, fast, and relatively inexpensive examination. However, as is the case with many patients, the mid ureter, and even the bladder may be obscured by the gravid uterus. Transvaginal US may help visualize the distal ureter and ureterovesical junction (UVJ) if not well visualized on transabdominal US ( Figure 2) .
Overall, the utilization of US as the first-line modality in assessing patients with renal colic has several advantages including availability, lower cost compared to MDCT and MRI, as well as reduced radiation exposure. However, the accuracy and reliability of US is lower compared with MDCT and MRI. This is related to limitations related to patient's body habitus, condition, as well as the operator's skill and experience.
Role of Multi-Detector Computer Tomography
The American College of Radiology Appropriateness Criteria states that a low-dose non-enhanced CT of the abdomen and pelvis is the imaging examination of choice for evaluating patients with suspected urolithiasis (sensitivity 97% and specificity 95%) [6] . Some have suggested that for the diagnosis of suspected urolithiasis, CT is the truth (Figure 3 ).
Non-enhanced multi-detector (CT) MDCT of the abdomen and pelvis in patients with suspected urolithiasis allows for the comprehensive evaluation of the kidneys, ureters, and bladder. It further allows for the determination of the location and size of almost all calculi, and any resultant hydronephrosis and/or hydroureter, and any other secondary signs including renal swelling, perinephric stranding, and/or periureteric stranding/edema. MDCT will also demonstrate any associated findings or complications including calyceal rupture, signs of infections, and any fluid/urine collections in the abdomen or pelvis. Intravenous contrast may be necessary in selective patients to better assess for signs of infection and/or organized collections. Image reconstruction and post-processing, most notably multiplanar reformatting, should be utilized to their maximum potential to aid in making the correct diagnosis ( Figure 4) .
Currently, the radiation dose for an abdominopelvic MDCT varies relatively widely among practices [10] . Depending on the specific protocol, the effective dose can range from 8e16 mSv [10] . Therefore, the increased utilization of MDCT not only raises cost concerns relative to US, but also has potential associated radiation risks, leading many centres and practices to adopt low-dose and ultra-low dose CT techniques for detecting urolithiasis, particularly for patients with known calculi [11] . A low-dose MDCT (<3 mSv) can be used for diagnosing urolithiasis, with excellent inter-observer and intra-observer agreement (kappa values 0.87e0.98). Dose reduction techniques include the use of iterative reconstruction, as well as tube current modulation, although the latter can be problematic in obese patients. Regardless, radiation dose should be kept as low as reasonably achievable while maintaining diagnostic CT quality ( Figure 5 ).
MDCT allows for the detection of nearly all types of urinary tract calculi, including uric acid, xanthine, and cystine stones, which are otherwise radiolucent on conventional radiographs. The only exceptions are pure matrix stones and calculi in patients on indinavir, which can be difficult or impossible to visualize on MDCT, as they are usually of soft-tissue attenuation (15e30 HU).
In addition to the detection of urolithiasis and associated findings, including hydroureteronephrosis, calyceal rupture, and organized urine/fluid collections, MDCT is far superior for assessing overall stone burden, which can help guide management. This includes the number of stones, stone size, and volume. Moreover, with the relatively increased availability of dual-energy CT (DECT), there is a growing interest in the characterization of stone composition [12] . With DECT, this is achieved based on the principle of attenuation differences of calculi based on their composition at different X-ray energies. The focus has been mainly on differentiating uric acid calculi from the other calcium-dominant subtypes [12] .
While US is the first-line imaging modality for pregnant patients with suspected urolithiasis, it has been suggested that CT can be safely used selectively as a second-line imaging examination [6] . The typical dose from a low-dose or even standard MDCT assessing for urolithiasis is well below the 50 mGy threshold above which radiation-induced fetal anomalies can potentially occur. However, as will be discussed below, if MRI is available, it should be considered following US in evaluating pregnant patients. CT should be reserved for problematic patients where a diagnosis cannot be made on US or MRI.
All things considered, MDCT is an excellent modality for imaging most patients with suspected urolithiasis, and, in terms of imaging, it is still definitely the reference standard. Emerging technologies, particularly DECT, will likely further reinforce the current dominance of CT as the modality of choice for renal calculus imaging in most nonpregnant adult patients, and particularly on initial presentation.
Role of Magnetic Resonance Imaging/Urography
MRI/MRU is overall a good modality for the diagnosis of urolithiasis, where calculi appear as a focus of decreased signal on T1-and T2-weighted sequences. It is an excellent modality for detecting the secondary effects of urolithiasis, including obstruction and infection [13] . However, it has a limited role for selected patients, as it is relatively expensive and may not be widely available, especially after hours. However, MRI can be utilized in complex situations where US and MDCT fail to explain the patient's symptoms. In addition, non-contrast MRI/MRU should be considered as a second-line examination after an equivocal or nondiagnostic US in pregnant patients with suspected urolithiasis [14, 15] . MRI can be used safely in this patient population instead of MDCT. MRI can also be useful as a second-line examination following US in the pediatric population, where MDCT is generally avoided unless absolutely necessary [15] .
An MRI/MRU study is can be performed on a 1.5T or 3T scanner as a static-fluid examination (also known as static MR urography, MR hydrography, or T2-weighted MR urography), or can be performed as excretory MR urography (also known as T1-weighted MR urography) ( Figure 6 ) [15] . The static MR urography examination is achieved with heavily T2-weighted sequences and is performed without intravenous gadolinium contrast, which is almost always avoided in pregnancy. Static MRU can also be obtained with single-shot fast spin-echo techniques. Cine images have the potential to demonstrate ureteral peristalsis and can be used to exclude a fixed area of narrowing/stenosis in the urinary tract [15] . Also, to ensure adequate distention of the collecting systems, it has been suggested that intravenous hydration could be utilized [15] (Figures 7e9) .
On the other hand, excretory MR urography is essentially analogous to CT urography and requires intravenous gadolinium contrast [15] . The collecting systems are then imaged during the excretory phase [15] . This is of limited utility in patients with severely compromised renal function, as gadolinium contrast cannot be administered.
Conclusion
This pictorial essay focused on current trends and controversies in imaging patients with suspected urolithiasis, including evaluating the current roles of US, MDCT, and MRI/MRU in different clinical settings. We have explored the increased utilization of imaging in patients with suspected urolithiasis. This is especially concerning as there has been increased utilization of MDCT, even in young patients. However, even with the increased utilization of imaging, there has been no significant increase in the proportion of patients with confirmed urolithiasis on imaging. Our hope is that the clinicians and radiologists in North America and elsewhere will consider the European trend of relying more on US as the first-line imaging modality for younger patients with initial and particularly for repeated episodes of suspected renal colic. MRI can play a useful adjunct role in pregnant and in pediatric patients with equivocal or non-diagnostic initial US findings. MDCT should be reserved in these patients when US is non-diagnostic or when an alternative diagnosis is suspected.
